1. Introduction {#sec0005}
===============

Optical coherence tomography (OCT) was proposed for the first time in the 1990 s by Fujimoto \[[@ref001]\]. Analogous to B-scan ultrasound imaging, OCT acquires cross-sectional images by measuring the intensity of back-scattered light from biological tissue. As the echo delay time is too short to measure due to the speed of light, OCT uses a low coherence light source and an interfering setup with the biological tissue in its sample arm.

OCT was introduced firstly in a time-domain modality, called as time-domain OCT (TD-OCT) \[[@ref002]\], as shown in [Fig. 1](#xst-27-xst190559-g001){ref-type="fig"}(a). It uses a broadband source and a Michelson interferometer. The light backscattered from biological tissue interferes with light reflected from the reference mirror when the optical distance difference between the two light beams is less than the coherence length decided by the broadband source. The reference mirror moves periodically along the direction of light propagation (called as axial direction), forming axial scan and acquiring the information of biological tissue within the depth of scan. The interfering light is received by a photodetector which generates A-lines signals. The 3D OCT image is acquired through the cruising of sample probe across the tissue surface perpendicular to the axial direction. TD-OCT is able to achieve an axial resolution of 10*μ*m or less. The drawback of this modality is that the moving reference mirror limits the imaging speed.

![Demonstration of several OCT modalities: (a) Time-domain OCT (b) Spectral-domain OCT (c) Swept source OCT.](xst-27-xst190559-g001){#xst-27-xst190559-g001}

Fourier-domain OCT (FD-OCT) is another modality which has two branches, spectral-domain OCT (SD-OCT) \[[@ref003]\] and swept source OCT (SS-OCT) \[[@ref004]\], both need no reference mirror movement. The SD-OCT, as shown in [Fig. 1](#xst-27-xst190559-g001){ref-type="fig"}(b), uses a spectrometer instead of photodetector to acquire the interfering spectrum, and gets the A-lines through inverse Fourier-transform (IFFT). The SS-OCT, as shown in [Fig. 1](#xst-27-xst190559-g001){ref-type="fig"}(c), uses a swept light source which sweeps the bandwidth in a sweeping period and outputs a sequence of narrow-band (several hundredth of a nanometer) light. A photodetector acquires the interfering light sequence and arranges them together according to time received as the interfering spectrum. As the imaging speed of FD-OCT is decided by the responding time of the spectrometer or the sweeping period of the swept light source, the development of technology and equipment makes it possible for FD-OCT to image in real time \[[@ref005]\].

Both TD-OCT and FD-OCT have been widely used in clinic. And there are a serial of extensions of OCT which enrich the information of OCT images and have been put into use in clinic, such as polarization sensitive OCT (PS-OCT) \[[@ref006]\], Doppler OCT \[[@ref007]\], OCT angiography (OCTA) \[[@ref008]\], dynamic OCT \[[@ref009]\] and so on.

In this paper, the clinic applications of OCT in recent years are reviewed and discussed, revealing the progress and prospect of OCT in medical imaging.

2. Clinic application {#sec0010}
=====================

2.1. OCT in ophthalmology {#sec0015}
-------------------------

Human eye is a multi-layer chamber-like structure filled with semitransparent media, which makes it possible for the near-infrared light used in the OCT system to go deep into the fundus oculi to acquire the whole tomography of eyes. Since the semitransparency of eye, OCT achieves the biggest success in the ophthalmology and the OCT equipment for eyes is the only commercial OCT product that has been used as a standard inspection method in clinic.

The vision-affecting-diseases and therapeutic progress change the characters of eye layers \[[@ref010]\]. The most commonly used markers in ophthalmological OCT diagnosing are retinal thickness, retinal layer structure and choroidal thickness. Kim \[[@ref011]\] measured subfoveal choroidal and central foveal thicknesses of patients with acute anterior uveitis using a SD-OCT, and found a significant increase in patients during the active period of acute anterior uveitis. Schönfeldt-Lecuona \[[@ref015]\] measured the total retinal volume and thickness as well as the volumes and thickness for 10 retinal layers of major depression patients and healthy controls with a SD-OCT, and found a 0.03mm^3^ retinal total volume difference between the right and left eye in the major depression patients, which was the only difference between the patients and the healthy controls. Martinez-Lapiscina \[[@ref016]\] studied retinal nerve fibre layer thickness and macular volume in multiple sclerosis patients, proved a higher disability worsening rate in patients with retinal nerve fibre layer thickness of less than or equal to 87*μ*m. El-Shazly \[[@ref017]\] performed retinal nerve fibre layer and ganglion cell layer thickness measurement using SD-OCT on active smokers and passive smokers, and proved that there was retinal nerve fibre layer thinning which was related to the number of cigarettes/day in active smokers.

Another commonly used predictor of pathological changes in ophthalmology is the distribution of vessels which is acquired by OCTA. Toto \[[@ref018]\] compared the superficial and deep capillary plexus density, choricapillary density and optic disc vessel density in the eyes of type 2 diabetic retinopathy patients before and after the dexamethasone implant. The results showed reduced retinal vascular density and choriocapillar density, and an increase tendency in the choroid vessel density after the dexamethasone implan. Shen \[[@ref014]\] compared the superficial vessel distribution of diabetic eyes using a spectral-domain OCTA, and found a lower vessel density while the common OCT showed no obvious difference between the patients and healthy controls.

In most of the clinic studies, commercial OCT equipments were used. Since the first commercial ophthalmologic OCT equipment was produced by Carl Zeis Meditec Inc. in 1996, more and more ophthalmologic OCT products were pushed out by manufacturers like Canon and Optos. The majority of the commercial OCT products have a high resolution of 5*μ*m-10*μ*m, which makes them essential tools for ophthalmologic examination.

2.2. OCT in Cardiovascular {#sec0020}
--------------------------

Another successful application of OCT is cardiovasology. In the cardiovascular inspection, a tiny OCT probe is sent into the cardiovascular through the peripheral artery to scan and acquire the morphology and blood flow of the cardiovascular. Among the recent applications, the drug-eluting stents and thin cap fibroatheroma are the top widely studied topics.

In patients with drug-eluting stents, the intimal coverage and apposition are critical indicator for the success of implantation. Since its high resolution, OCT makes the visualization of the stent strut morphology and residual stenosis possible. Iliescu \[[@ref019]\] measured the luminal cross-sectional area, stent cross-sectional area, thickness of coverage and distance from the intimal wall for the inadequately apposed strut in OCT images of cancer patients with recently placed drug-eluting stents, and validated the ability of OCT in evaluating the risk of stent thrombosis caused by the dual antiplatelet therapy discontinuation for cancer-related procedures. Sato \[[@ref020]\] measured the diameter of stent lumen and vessels and the thickness of plaque, and classified the plaques into calcific, fibro and mix types according to their morphology in the OCT images. The results from 39 patients with everolimus-eluting bioresorbable scaffold showed that the plaque eccentricity and plaque components were potential predictors for the acute scaffold recoil. Barber-Chamoux \[[@ref021]\] attempted to conform and guide the treatment of iatrogenic coronary dissection using OCT, and succeed in 4 suspicions. Kim \[[@ref022]\] compared the neointimal response between high- and moderate-intensity dosing of Vytorin after biodegradable polymer Biolimus-eluting stent implantation in patients with acute myocardial infarction using a FD-OCT. The images gotten 12 mothes after implantation demonstrated that both dosing led to lower percentages of uncovered struts and malapposed struts and thin neointimal thickness.

Besides, as its high resolution and easy-to-use fiber probe, OCT is the best choice to quantify the thickness of plaque fiber cap which is a critical predictor for plaque vulnerability. Wang \[[@ref023]\] measured the fibrous cap thickness in the FD-OCT images of patients with acute coronary syndrome, and found thinner fibrous cap and higher occurrence frequency of thin-cap fibroatheroma on patients with higher platelet to lymphocyte ratio.

Nowadays, OCT is one of the three most important methods in cardiovascular study (the other two are intravascular ultrasound and coronary angiography). In clinic, it is a favorite tool for guiding coronary interventions \[[@ref019]\], evaluating effect of therapies and drugs \[[@ref023]\], suggesting risk predictors \[[@ref025]\], and analyzing and monitoring symtoms \[[@ref021]\]. Since C7XR(TM) FD-OCT Imaging System and Companion C7 Dragonfly(TM) Imaging Catheter (St. Jude Medical, USA) got FDA clearance and CE mark in 2009, cardiovascular has been another clinic field that OCT has the potential to be in the list of the routine test.

2.3. OCT in Dermatology {#sec0025}
-----------------------

Skin is a multi-layer structure whose thickness ranges from 0.5-4 mm. In OCT images, a thin hyporeflective line marks the top of the skin surface \[[@ref028]\]. Below that are epidermis, dermal-epidermal junction and dermis in depth order. The main criteria of OCT that used in dermatological pathology are skin layer thickness, vascular network and the hypo-structure. Wessels \[[@ref029]\] acquired 2D and 3D images of patients with suspicious penile lesion using a SS-OCT, and the results showed that the (pre) malignant tissue have higher average epidermal layer thickness and attenuation coefficient. Manfredini \[[@ref030]\] tested acne lesions with DOCT. Compared with uninvolved skin, the closed comedos, open comedos, papules and pustules showed variably increased infundibular diameter, epidermal thickness and vascular network. Besides, the follow-up OCT scanning indicated an early normalization with the systemic antibiotic treatment, proving the potential ability of DOCT in guiding the acne therapy. Niculescu \[[@ref031]\] imaged patients with basal cell carcinoma. With the criteria as thickening of epidermis and oval signal-poor structures surrounded by white stroma, OCT showed its advantage compared with dermatoscopy in identifying residual basal cell carcinoma lesions after the photodynamic therapy and distinguishing the completely cured lesions with the residual ones. Pires \[[@ref032]\] measured the inferior labial mucosa thickness of systemic sclerosis patients, and found the thickening of labial mucosa epithelium a potential predictor of systemic sclerosis.

The success of OCT in dermatology lies on the small layer thickness of skin and the touchable probe used in the dermatological OCT. The former makes the limited imaging depth of OCT not a problem and the latter promises a stable imaging which is not affected by the movement of patients. Although there's no commercial dermatological OCT equipment, many OCT products with a hand-held probe, such as Telesto serial of thorlabs, can be used directly for skin imaging without modification.

2.4. OCT in Urology {#sec0030}
-------------------

The combination of OCT and endoscope/cystoscope and the development of tiny fiber probes make the application of OCT in cavity and tubulous organs like bladder and urinary tracts possible. Using a special-designed OCT probe cystoscopy, Daniltchenko \[[@ref033]\] got images of normal tissue, inflammation and transitional cell carcinoma, and found that the thicker epithelial layer and the absence of the ordered arrangement of internal structure were key indicators for urinary bladder lesion. Gladkova \[[@ref034]\] acquired the cross-polarization OCT images of patients with flat local lesions. Using the criteria that the benign lesion has uniform signal and horizontal oriented structure and malignant lesion has dark or vertically oriented structure, the detection of flat malignant bladder lesions achieved a sensitivity of 93.7%, a specificity of 84% and an accuracy of 85.3%.

Other than layer structure, OCT was proved to have the ability of evaluating the optical parameters of urothelium, lamina propria, andmuscle layer which cancer always alters \[[@ref035]\]. Bus \[[@ref036]\] conducted ureterorenoscopic OCT on patients with upper urinary tract urothelial carcinoma to stage and grade the disease. The appearance of anatomical layers was used as criteria for staging, achieving a sensitivity of 100% and a specificity of 92%. Meanwhile, the decrease in light intensity was quantified for grading and reached a sensitivity of 87%, a specificity of 90% with 2.4 mm^-1^ as the boundary of low and high grade.

2.5. OCT in Gastroenterology {#sec0035}
----------------------------

Digestive tract is the first human tissue which endoscopic OCT is applied to \[[@ref037]\]. Similar with the urinary tract, the OCT is applied in the digestive tract *in vivo* with the assistance of endoscope or during operation. The capsule endomicroscopy is also used in OCT detection recently, whose coverage of upper GI wall, esophagus and duodenum is 85.4%, 90.3% and 84.8% \[[@ref038]\].

The main application of OCT in gastroenterology is disease diagnosing and classification. Masci \[[@ref039]\] obtained OCT images from patients with celiac disease during esophago-gastro-duodenoscopy. Using the histology results as baseline, the classification of villous atrophy had a sensitivity of 82% and a specificity of 100%, and the concordance between OCT and histology in determining patchy lesions was 75%. Hatta \[[@ref040]\] proposed three criteria, including the thickness of esophageal wall layer, the involvement of the tumor signal into layer and destruction of layers, to classify the stage of tumor infiltration in superficial esophageal squamous cell carcinoma. The classifying results of 46 patients got an accuracy of 92.7%. Later, Hatta \[[@ref041]\] studied patients with Barrett's adenocarcinoma using an endoscopic OCT, with the subepithelial glandular structure and the loss of distinct layer structure under a distinct homogeneous superficial layer as criteria, the predictive accuracy, sensitivity and specificity of the Barrett's mucosa buried underneath esophageal squamous epithelium were 85.7%, 77.8% and 100%. Testoni \[[@ref042]\] introduced the OCT probe into the standard endoscopic retrograde cholangio-pancreatography catheter and imaged 5 controls with sphincter of Oddi dysfunction and 5 patients with pancreatic adenocarcinoma not involving the papillary region. Compared with the controls, the patients had a marked increase in the thickness of the intermediate fibro-uscular layer and increased infrared light back-scattering.

Besides, OCT is able to provide guidance for surgery. Desai \[[@ref043]\] conducted endoscopic OCT on patients with achalasia. By directing the peroral endoscopic myotomy tunnel toward thicker muscle or away from submucosal vessels, the bleeding was significantly less than the patients without the OCT guidance. Tsai \[[@ref044]\] inspected patients with Barrett's esophagus using 3D OCT, evalutating the tissue architectural changes after radiofrequency ablation and cryospray ablation which is hard for white light and NBI endoscope. The images showed that the patients receiving radiofrequency ablation had burned tissues with hyperscattering desquamation and debris, while the patients receiving cryospray ablation had edema-like changes.

2.6. OCT in Dentistry {#sec0040}
---------------------

OCT was used in the dentistry for the first time in 1998 \[[@ref045]\]. Since then, countless experiments have been completed on animal and human teeth ex vivo and *in vivo*, including cervical lesion \[[@ref046]\], demineralization and remineralization \[[@ref048]\], caries \[[@ref051]\], adhesive and sealants character \[[@ref052]\], and so on \[[@ref054]\].

Nowadays, the main clinic OCT applications focused on the dental demineralization/remineralization and the materials used in restorative dentistry and esthetic dentistry. Nee \[[@ref048]\] monitored premolars from 20 patients with orthodontic brackets using a cross-polarization OCT in a period of 12 months, and found increasing demineralization indicated by a small but significant increase in the lesion depth and reflectivity over that depth. Sugiura \[[@ref049]\] studied the effect of chewing gums on the white spot lesion remineralization using OCT. The OCT images from 20 person chewing POs-Ca and POs-Ca+F gums showed a decrease of the enamel boundary depth which indicates the remineralization, while the OCT images of 9 person chewing no-POs-Ca gums expressed no remineralization. Wijesinghe \[[@ref051]\] studied the progression of dental caries by imaging healthy, partially demineralized and completely demineralized tooth samples of 4 orthodontic patients using a SD-OCT. The results proved that the enamel thickness, depth direction total intensity fluctuations and enamel residual volume were promising parameters to evaluate the progression of caries. Ishibashi \[[@ref052]\] investigated 52 patients with resin-based composite restorations and validated the potential of SS-OCT to provide restoration defects as marginal crevice, porosity and gap formation, which is unavailable with other imaging methods. Haak \[[@ref053]\] studied the interfacial adhesive defect of adhesive Scotchbond Universal^TM^ applied with different etching modes using adhesive OptiBond^TM^ as control. The high resolution of SD-OCT images made it possible to show subtle adhesive defect difference among these four adhesive application in different interfaces and time, which is hard for clinic assessment.

As teeth and gum can be easily accessed, both OCT products designed specifically for dentistry \[[@ref052]\] and commercial OCT products with hand-held probe as Telesto II (Thorlabs) \[[@ref048]\] and IVS-3000-CP (Santec) \[[@ref053]\] are used in the researches above. The easy usage of commercial OCT products in clinic studies makes the future application of OCT in dentistry convenient, and dentistry has great potential to be another clinic domain that takes OCT as a standard inspection choice.

2.7. Advantage and Limitation {#sec0045}
-----------------------------

[Figures 2](#xst-27-xst190559-g002){ref-type="fig"} to [7](#xst-27-xst190559-g007){ref-type="fig"} show several OCT images acquired from different tissues discussed above and [Table 1](#xst-27-xst190559-t001){ref-type="table"} displays the commonly used criteria in these OCT applications. It can be seen that the main criteria in the OCT detection are layer thickness and tiny structure of mucosa. The high resolution details have been proved to be consistent to those in the anatomic and histological images \[[@ref029]\], as an example shown in [Figure 4](#xst-27-xst190559-g004){ref-type="fig"}, which makes OCT to be called "optical biopsy". Actually, compared with widely used clinic tomography modalities, the key advantage of OCT is its micrometer resolution which enables the detection of tiny pathological changes and validated the comparable performance of OCT in clinic with some gold diagnosing standards \[[@ref014]\], making OCT a potential clinic alternative in condition of contraindication, tissue removal impossible, avoiding tissue destruction and so on. Take ultrasonic tomography which has similar theory and ability to be used in endoscopy with OCT as example, Mueller-Lisse \[[@ref061]\] compared the endoluminal ultrasonography and OCT images of porcine upper urinary tract, and demonstrated the better performance of OCT in distinguishing between urothelium, lamina propria, and muscle layer. Horeman \[[@ref060]\] displayed OCT and IVUS images of cartilage with defects, and found that the OCT has better performance in indicating defects smaller than 1 mm.

![SD-OCT (a) and OCTA (b-d) images of a patient with diabetic macular edema before (top) and after (bottom) intravitreal dexamethasone implant \[[@ref018]\]. (Used under the terms of the Creative Commons Attribution 4.0 license)](xst-27-xst190559-g002){#xst-27-xst190559-g002}

![The postimplantation OCT image \[[@ref022]\]. (Used under the terms of the Creative Commons Attribution 4.0 license)](xst-27-xst190559-g003){#xst-27-xst190559-g003}

![3D and 2D OCT images of glans penis carcinoma, showing horny layer (\*), thickened epidermal layer (\#) and a blood vessel (•) \[[@ref029]\]. (Used under the terms of the Creative Commons Attribution NonCommercial ShareAlike 3.0 License)](xst-27-xst190559-g004){#xst-27-xst190559-g004}

![OCT image of a healthy bladder wall indicating urothelium (U), intact lamina propria (LP) and muscularis (M) \[[@ref056]\]. (Used under the terms of the Creative Commons Attribution 4.0 license)](xst-27-xst190559-g005){#xst-27-xst190559-g005}

![The 3D OCT images of Barrett's esophagus after radiofrequency ablation \[[@ref044]\]. (Used under the terms of the Creative Commons Attribution license)](xst-27-xst190559-g006){#xst-27-xst190559-g006}

![The OCT images of healthy, partially demineralized, and completely demineralized (carious) molar tooth samples \[[@ref051]\]. (Used under the terms of the Creative Commons Attribution 4.0 license)](xst-27-xst190559-g007){#xst-27-xst190559-g007}

###### 

Commonly used criteria for clinical OCT applications

  Applications                                                                                                                                                                                                               Key Criteria
  ------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Ophthalmology       Retinal thickness (retinal nerve fiber layer thickness, ganglion cell-inner plexiform layer thickness, nuclear layer thickness, photoreceptor layer thickness), retinal volume, retinal vessel density, choroidal thicknesses, choroidal reflectivity, macular thickness, morphology (foveal contour, choroidal surface irregularity, submacular retinal pigment epithelium disorganization, macular optical empty spaces)
  Cardiovascular                                                                                                                                                Fibrous cap thickness, lipid arc, vessel diameter, blood-flow velocity, neointimal thickness, plaque eccentricity, plaque composition
  Dermatology                                                                                                                             Epidermal thickness, surface-to-first-vessel distance, vascular network, morphology (epidermal attenuation coefficient, hyporefletive flaccid structure, hypoechogenic structure)
  Urology                                                                                                                                                                                 Epithelial attenuation coefficient, urothelium thickness, lamina propria structure
  Gastroenterology                                                                                            Muscular layer thickness, mucosal and submucosal blood-flow velocity, organization and existence of esophageal wall tissue (squamous epithelium, lamina propria mucosa, muscularis mucosa, submucosa, muscularis propria, glands, villous)
  Dentistry                                                                                                                                                         Enamel and dentin attenuation coefficient, ceramics prosthese reflectivity, gingival tissue organization (sulcus, epithelium)

On the other hand, accompanied by its high resolution, OCT has low imaging depth. For turbid tissue such as mucosa, vessel, skin and teeth, OCT has a limited imaging depth of less than 3 mm \[[@ref045]\], which prevents the detection of pathological changes in the deep tissue. It makes OCT a good imaging tool for just superficial tissue. To take its advantage, OCT could be used in the follow-up or synchronous steps of imaging modalities with large depth and low resolution, such as ultrasound \[[@ref062]\] and CT \[[@ref063]\].

3. Discussion {#sec0050}
=============

Since its application in medical imaging in 1991, OCT has been used in various clinical fields, including pathology detecting, pathological mechanism analyzing, pathological process monitoring, and therapy assessment, as shown in [Fig. 1](#xst-27-xst190559-g001){ref-type="fig"}. Although OCT has only been listed as a routine test choice in the ophthalmology, commercial OCT equipments are widely used in clinical researches. A lot of producers have developed commercial products and modules that can be integrated and used in different clinical studies. Besides, the development of tiny fiber probe promotes the combination of OCT and various medical introscopes, which enhances the imaging depth of OCT and enables its application in inner body cavity and organs.

As commercial benchtop OCT products can be used in dermatology and dentistry conveniently with only a little modification, either a custom-made probe or a self-made image-processing software, it is believed that OCT has the potential to be applied in the daily diagnosing of dermal and dental pathology in the near future.

Other than these mature applications, there are still some OCT applications that need further studies to be used in clinic, like in orthopedics and neurology. The main difficulty of these OCT applications is the limited penetration ability of the near infrared light, either in the tissue outside the joints or the thick skull covering the brain. Although using OCT in open surgery or the combination of OCT and the fiber probe \[64--67\] maybe potential solutions to the problem, further researches and improved components are essential for the sake of safety.
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